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Purification Proceduresfor
Single-Wall Carbon Nanotubes

Abstract

This report summarizes the comparison of avariety of procedures used to purify carbon
nanotubes. Carbon nanotube material is produced by the arc process and laser oven process.
Most of the procedures are tested using laser-grown, single-wall nanotube (SWNT) material. The
material is characterized at each step of the purification procedures by using different techniques
including scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDS),
transmission electron microscopy (TEM), Raman, X-ray diffractometry (XRD), thermogravi-
metric analysis (TGA), nuclear magnetic resonance (NMR), and high-performance liquid
chromatography (HPLC). The identified impurities are amorphous and graphitic carbon, catalyst
particle aggregates, fullerenes, and hydrocarbons. Solvent extraction and low-temperature
annealing are used to reduce the amount of volatile hydrocarbons and dissolve fullerenes. Metal
catalysts and amorphous as well as graphitic carbon are oxidized by reflux in acids including
HCI, HNO, and HF and other oxidizers such as H,0,. High-temperature annealing in vacuum
and in inert atmosphere helps to improve the quality of SWNTs by increasing crystallinity
and reducing intercalation.

Goals

The main goal of thiswork isto find out the best technique to purify nanotube materials
produced at Johnson Space Center by comparing two production techniques:. laser oven and arc
discharge. We use the term “nanotube material” or “product” instead of “nanotube” because
nanotubes produced by every known technique so far contain various impurities. It isincorrect to
refer to this mixture as “nanotubes,” which implies pure nanotubes. This report is centered on the
purification of laser-produced material, since the quality of such materialsis superior to arc-
produced material and, therefore, requires less effort to purify. Other important goals are to gain
an understanding of the kinds of impurities present with nanotubes before and after purification
by various techniques, and possible chemical modification of nanorope and nanotube surfaces
after purification.

Both arc and laser techniques are somewhat similar in the sense that carbon mixed with
asmall amount of metal catalyst is vaporized by either laser beam or arc discharge. Nanotubes
self-assemble from vapor in the presence of catalysts. The laser oven technique is much better
understood and allows more control over growth parameters (temperature, vapor concentration,
and gas dynamics). Hence, the material quality is better.

I ntroduction

In the laser oven, alaser beam impinges on the carbon/catalyst target in an atmosphere of
argon kept at 1473 K in the flow tube furnace. Temperature in the plume reaches 4000 to 5000
K. Carbon mixed with metal catalyst (typically 1:1 wt. % of Co: Ni) is vaporized and subse-
quently condenses into various products *°. In addition to nanotubes, we see the formation of
encapsulated metal particles, fullerenes®, and amorphous carbon products . Further analysis by
NMR reveals the presence of polyaromatic and aliphatic hydrocarbons. EDS also shows small
amounts of silicon. Various factors such as oven temperature, laser beam fluence, flow tube



geometry, and target composition and density affect nanotube quantity, purity, and, possibly,
lengths and diameters **°

In the arc discharge technique, a graphite anode drilled out and filled with a mixture of
graphite powder and catalysts (typically 1:4 wt. % of Ni:Y) isvaporized in adirect current arc at
25-35V and 100 A *°. The chamber is filled with helium at ~650 kPa, and the temperature within
the electric arc can reach 6000 K. During the burn process, a substance transfer occurs between
the electrodes and nanotubes self-assemble from the vapor. In addition to nanotubes, carbon
condenses into fullerenes, nanoparticles, and amorphous products. Organic impuritiesin the
electrode material facilitate production of various hydrocarbons, which are revealed by NMR.
The rate of the gas flow, size and orientation of the arc chamber, process scale, cooling system,
the nature and purity of electrode materials, arc voltage, arc current and other factors affect the
quantity, purity, and diameters of nanotubes produced. Localization of the resulting nanotube
product in the arc chamber affects nanotube material properties as well. Nanotubes deposit in
three distinct regions: collarette around cathode, webs that extend from collarette to chamber
walls, and sooty deposit on the chamber walls. The best purity is obtained in the collarette
material .

Characterization techniques

It is very important to be able to monitor material purity and kinds of impurities present
at every stage of the purification process. No single technique can produce unambiguous answers
and feedback, thus a number of different techniques were used to gain as much understanding as
possible about our materials and processes.

a SEM isthe easiest tool. It provides medium-resolution images of the surface of nanotube
materidl. It is possible to get a qualitative comparison of the purity of the samples™, but it is
sometimes not easy to distinguish nanotubes from the soot, especially when nanotubes are
uniformly coated with impurities.

b. Our SEM is equipped with EDS. This allows seeing characteristic X-ray spectra of various
elements and determining their atomic ratios in the sample. Unfortunately, concentrations of
carbon are measured rather imprecisaly.

c. TEM produces high-resolution images, but it is rather time-consuming. There are concerns
about how representative of the whole sample the images are, since only a small fraction of
the specimen can be looked at. It is easy to distinguish nanotubes from impurities and
qualitatively compare the purity of the samples. Nanotube diameter distributions can be
obtained from TEM pictures “, which require a specially prepared specimen and take a
lot of time.

d. XRD produces the lattice constant of a nanorope lattice. One can also see peaks from metal
impurities and fullerenes. Thisis sensitive to the degree of crystallinity of the nanorope,
which is affected by intercalation of impurities ™*.

e. Raman spectroscopy produces characteristic peaks from certain phonon modes in nanotubes.
Low-frequency (“breathing”) modes at 150-200 cm™ are dependent on nanotube diameters,
but only resonant tubes show up®. It isimpossible to get full information on the diameter
distribution. The high-frequency (C-C stretch) mode at ~1585 cm™ is sensitive to nanotube
surroundings and can provide information on nanotube chemistry, although interpretation is
ambiguous. The disordered carbon peak at ~1340 cm™ is related to amorphous impurities as
well as to disorder in nanotube walls.



f. TGA™issimply a measurement of specimen mass as its temperature slowly increases up to
800-1100°C. If doneininert gas (or vacuum), it shows that volatile compounds evaporate
(certain hydrocarbons, fullerenes, etc.), leaving behind the fraction of non-volatile materials
(typically nanotubes, metals, graphite, silicon, etc.) If donein air or oxygen, it shows
temperatures at which nanotubes and impurities oxidize. Theresidual is then its ash content
(typically metal oxides and silicon).

g. NMR was performed on solvent extracts of nanotube material. Any organic impurity
produces proton peaks, whose positions are dependent on particular proton configuration;
i.e., on the kind of steric group it is part of.

h. HPLC was performed on solvent extracts of nanotube material. It allows one to quantitatively
determine the fraction of soluble fullerenesin the specimen. We hoped to determine other
organic impurities, but poor performance of detector array in the ultraviolet region did not
alow this. The HPL C apparatus at Rice University is equipped with a Cosmosil column for
fullerene separation. There are reports that HPL C can also be used to separate nanotubes by
length if used with a size-exclusion column *.

Identification of impurities

EDS, SEM, and TEM proved the existence of inorganic impurities. Annealed samples
of laser-produced material contain nickel, cobalt, and silicon. Nickel and yttrium found in arc
material constitutes 10 to 20% by weight of the material total mass. Graphite-encapsul ated
catalyst metal (possibly carbide) particles were discovered and studied by means of SEM and
TEM (fig. 1, 4d). EDS proves presence of metals, silicon, and carbon in the encapsulated
particles. Figure 2 shows elemental maps of Si, Co, and Ni in the particle, which iswrapped in
nanotubes. Figure 3 shows cumulative EDS spectra taken over approximately 20x30 um area on
the specimens, revealing the presence and relative intensities of Si, Co, and Ni peaks (Co and Ni
are essentially removed in purified sample, Fig 3b, but this is not always necessarily the case).

XRD shows the presence of metals as well as fullerenes in samples (fig. 5).

TGA data(fig. 6) in argon flow clearly shows intense evaporation of water, volatile
compounds and solvents at temperatures up to 200°C. Structures like -CH2-, -HC=CH-, (C, H,),
evaporate in the temperature interval 200 to 250°C. Organic compounds evaporate at the
temperature up to 450°C. Macromolecular compounds evaporate in the temperature interval up
to 600°C. Fullerenes evaporate in the temperature interval 600 to 750 — 800°C. Decomposition of
the material beginsin the temperature interval 750 to 800°C or higher, and weight stabilizesin
the interval 800 to 1200°C (fig. 6).

TGA can aso be performed in air (or oxygen) flow. In this case, temperature has to be
raised to the point of complete oxidation of carbon to determine the elemental composition of
ash, inorganic materials, and their weight fractions.

Organic compounds and fullerenes were found by extracting raw materials with organic
solvents: benzene, toluene, O-xylene, 1,2-dichlorobenzene, decaline, hexane, carbon disulfide,
and other. An HPL C test of the solvent extract shows the presence of afull spectrum of
fullerenes (C,, C,,, C,, C,, C,,, C,,, C,) and hydrocarbons (fig. 7). The amount of fullerenes
extracted from raw nanotube material by toluene and benzene slowly increases on atime scale of
several hours before it saturates at as much as 9% by weight (determined quantitatively by
HPLC) (fig. 8). SEM images before and after extraction are essentially the same, indicating that
many insoluble impurities are left in the sample (fig. 14). After extraction a sample typically



loses 18 to 20% of its mass. This allows us to estimate the amount of soluble hydrocarbons to be
around 10% by weight.

NMR tests have determined the presence of H" in the extracted solutions. Localization of
H" proves the presence of aromatic and linear hydrocarbons (fig. 9). Their weight fraction is 5 to
10% in accordance with the TGA data

Raman peak in the area of 1340 cm™ shows presence of amorphous carbon (figs. 10, 11).

We can conclude that typical laser material contains the following impurities by weight:
Soluble fullerenes: ~10%. Total fullerenes content >10%, since some are insoluble. Soluble
hydrocarbons. ~10%. Total hydrocarbons content >10%, since some are insoluble. Probably the
total amount of fullerenes plus hydrocarbonsis around 25 — 30%. Metal particle (catalyst):
~10%. Silicon: ~1 — 2%. The remaining 60 to 65% is divided among nanotubes, amorphous
carbon, and graphitic shells surrounding nanoparticles. Half or more of that weight (30 to 35%)
is probably nanotubes, and larger fraction of the rest is amorphous carbon. Therefore,
approximate fractions of nanotube material components are:

Fullerenes: 12 — 15%

Hydrocarbons: 12 — 15%

Metals: ~10%

Silicon: ~1 — 2%

Amorphous carbon: ~20%

Graphitic shells: ~5 - 10%

Nanotubes: 30 — 35%

Purification methods and results

Raw material contains nanotubes, fullerenes, catalytic metal particles, amorphous carbon,
and various kinds of hydrocarbons and their compounds. Oxidation by acids was used to remove
catalytic particles, amorphous carbon, and hydrocarbons. The following techniques were tried on
laser- and arc-produced material. Complete data on each sample and its particular treatment and
analysis performed can be found in Tables 1 (laser) and 2 (arc). Data below centers on laser
material.

1.“Old Rice method” . Oxidation by 5M nitric acid was performed over 24 hours at 96°C.
The product was then neutralized by sodium hydroxide, suspended in 1% Triton X-100
surfactant solution in water, and purified by cross-flow filtration. It is difficult to dry nanotubes
afterward, since vacuum evaporation does not work well because of foaming under vacuum, and
non-vacuum evaporation is very slow. As aresult of oxidization and neutralization, insoluble
hydroxides of Ni and Co precipitate with nanotubes, heavy graphite particles, and organic Na
salts which deposit into residue and are difficult to remove. Another big problem is that the 0.2
um cross-flow filter cartridge is sufficiently permeable by nanotubesin Triton X-100 that a
significant fraction of nanotubesis lost with the waste. At the same time, many particles are
larger than the pore size and stay with the purified material (Fig. 12). Abundant quantities of
nanotube are found in the waste, so it is not clear whether purified material isany purer than
waste. Thistechnique did not work well at all. The processislong and tedious, and results of
cross-flow filtration are not reproducible.



2. The next method (“New Rice method”), recommended by Rice University, involved:
oxidization by 5M nitric acid for 6 hours, centrifugation to separate the liquid (decant) from the
heavy part, washing by water, neutralization by NaOH, secondary oxidization by nitric acid for
6 hours, separation by centrifugation, secondary neutralization by NaOH, washing by methanol,
and redispersion in toluene. This technique is currently being used by Tubes@rice. The filtered
toluene solution has a characteristic color of fullerene mixture. HPL C tests prove presence of C,,
C., and higher fullerenes. Elemental analysis (EDS) of cleaned nanotubes shows a significant
presence of catalytic metals, Na, and Si. TEM and SEM show encapsulated particles covered
with amorphous carbon and nanoropes (i.e., nanotube bundles) covered by amorphous carbon
(fig. 13). It is possible that the nanotube surface becomes derivatized with products of nitric acid
reaction with amorphous carbon, judging by its look on high-resolution SEM images (Fig 26b).
Thereisalot of amorphous carbon left, which makes this technique a poor candidate.
Nevertheless we can conclude that this technique is better than the former one (“Old Rice
method”). Typical yield is 90 to 50%.

3. Solvent extraction followed by acid reflux. This method of purification starts with
extraction of fullerenes and hydrocarbons with organic solvents: toluene, benzene, acetone,
butanol, propanol, methanol, chloroform, decaline, ethyl ether, hexane, O-xylene, 1,2-
dichlorobenzene, carbon disulfide, and some others. Solvent properties are tabulated in Table 4.
SEM images of samples before and after extraction are presented in Figure 14. Since amorphous
carbon and nanoparticles, which are the most visible on SEM, are unaffected by extraction the
specimens look essentially the same. NMR spectra of extracts prove the presence of
hydrocarbons (Figs. 7 a, b). Typically extraction removes 18 to 20% of the sample mass, out of
which approximately half is soluble fullerenes (as determined by HPLC) and the rest are soluble
hydrocarbons. There still may be some insoluble fullerenes and hydrocarbons left. Results of
HPLC and NMR tests helped to choose the best solvents—toluene and benzene. Toluene, which
is recommended due to its lower toxicity, was used in al of the following techniques. After
extraction, the material was washed by methanol or acetone to remove the remains of the solvent
used for extraction.

This was followed by oxidation by inorganic or organic acids. Inorganic acids tried were:
HNO,, HCI, mixture of HF and HNO,, mixture of H,SO, and HNO,, H,S,0,, H,O,. Organic acids
tried were CH,COOH, CF,COOH, and CH,COOOQH. Acid properties are tabulated in Table 3.
Acid oxidation was followed by washing of acid residue with hot water to a pH = 6 and then
washing with methanol. Sometimes the neutralization was preformed with NaOH and/or NH,OH.

3a. Nitric acid (HNO,) was chosen because it is a strong oxidizer that is usually used for

etching and oxidation of metals, but it is passive with respect to the surface of nickel and cobalt
particles. HNO, reacts with non-metals and typical reducing agents. Sinceit is self-ionized in
liquid form, the reaction is weak and, with increase in temperature, the acid dissociates into NO
and NO, while the encapsul ated catalytic particles stay intact. This sample was subjected to four
subsequent refluxes in nitric acid. SEM images after each reflux are shown on Figure 15, and
TEM images after the first and fourth reflux are shown on Figure 16 (the TEM image before
purification can be found on Fig. 4d). Sample purity after the last reflux is not very good, thereis
still asignificant quantity of amorphous carbon and nanoparticles (Fig. 16). Raman spectra (Fig.
10a) showed that C-C stretch peak normally positioned at 1585 cm™ shifts to 1595 to 1605 cm™
after the first reflux, which indicates a change in the local environment, possibly intercalation or



chemical derivatization with products of nitric acid reaction with amorphous carbon. The
disordered carbon peak at 1360 cm ™ increases significantly after the first reflux, also indicating
possible intercalation and disorder in nanotube walls. C-C stretch peak goes back to 1590 cm™
and disordered carbon peak disappears upon drying at 150°C in air, indicating that intercalation
mostly goes away. Similar results were observed by X-ray diffractomerty (Fig 5a). As-made
material exhibits nanorope superlattice peaks, which are gone after reflux, indicating strong
disorder and loss of crystallinity in nanoropes caused by intercalation. Upon drying nanoropes
gain crystallinity back, indicating that intercalants are mostly removed. But since we continue to
see impurities in electron microscopy images, this probably means that intercalants are not
volatile enough to leave sample completely and rather redistribute on the surface of nanoropes.
Typical yield is ~35%.

3b. The activity of HNO, increases with the addition of HF, which helpsto dissolve S
compounds with the formation of NO, H,0O, and H, (SIF,). The sample was first refluxed in
concentrated HF for 30 min, then HNO, was added and the sample was refluxed further for 45
min at 35- to 40°C. Gas bubble release (H, and SiF,) was observed. This technique has
advantages for cleaning laser ablation material containing silicon. EDS spectra (Fig. 3b) shows
that silicon is essentially removed. Nevertheless, other amorphous carbon impurities still exist in
the sample (Fig.17). Typical yield is 40 to 80%.

3c. Hydrochloric acid (HCI) is one of the strongest oxidizers. It reacts with metals with
negative and normal potential with release of H,. It also reacts with metal oxides and hydroxides
and generates free acids from silicates. SEM images are shown on Figure 18. Samples looked
quite pure and the amorphous coating is mostly gone. The remaining coating swells with solution
and is quite visible on SEM, but subsequent annealing (see below) demonstrates that the amount
of coating issmall. Typical yield is 70 to 90%.

3d. Sulfuric acid (H,SO,) isastrong acid but aweak oxidizer in diluted form. In concentrated
form, it works as a strong oxidizer but passivates cobalt surfaces. It is difficult to find aworking
concentration of sulfuric acid that would accommodate the needs of purification. Separation of
nanotubes and the decant is possible with multi-step dissolution of acid by methanol in
separation funnel. Acid has high viscosity and is difficult to wash from nanotubes, so this
technique was not pursued further. Typical yield is 30 to 40%.

3e. Peroxidisulfuric acid (H,S,0,) is astrong oxidizer that reacts with organic compounds to
full decomposition. Reaction was performed at room temperature with rapid outgassing until
outgassing stopped in about 1.5 hrs. The viscosity of the acid is very high and separation of solid
and liquid phaseis difficult. Therefore, the same method as with H,SO, was used. Solid and
liquid phases are divided in separating funnel into different layers by adding methanol to the
acid. The pure solid phase product contains encapsulated particles, but it usually does not contain
amorphous carbon (Fig.19). It is possible that nanotubes were derivatized by products of
reactions between the acid and amorphous carbons. Since both H,SO, and H,S,0, catalyze the
loss of water, there should not be any hydroxyl groups left. Typical yield is 25 to 45%.

3f. Hydrogen peroxide (H,O,) has oxidation-reduction properties, but the oxidizing function
prevails because of the presence of O,. The reaction was performed at 35°C for 3 hrsand is



accompanied by rapid release of CO (bubbles) and H,0. After oxidation by H,O, the material
looks very good on SEM images (Fig. 20). The remaining amorphous coating swells with
solution and is quite visible on SEM, but subsequent annealing (see below) demonstrates that the
amount of coating is small. During the H,0O, oxidation of raw material, epoxy group formation on
nanotube is possible. Typical yield 25 is 40%.

3g. Trifluoroacetic acid (CF,COOH) is a strong acid that is used in organic synthesis as an
oxidizer, acatalysis of electrophilic reactions, and a solvent of fluorine-containing compounds.
The amount of silicon was distinctly lowered by the use of this acid. Also, the outer layer of the
nanotubes |ooks smooth and clean (Fig. 21). The remaining coating swells with solution and is
quite visible on SEM, but subsequent annealing (see below) demonstrates that the amount of
coating issmall. Typical yield is 60 to 80%.

3h. Peroxyacetic acid (CH,COOOH) is another strong oxidizer of organic compounds. The
reaction is very active with the rapid outgassing (CO); and formation of epoxy compounds,
polycycles, and ethersis possible. This acid helpsto break up large molecules and modify
nanotube surface (Fig. 22a). These results were not particularly good. Typical yield is 80 to 90%.

4. High-resolution SEM microscopy shows that outer layer of nanoropes |ooks different after
oxidation with different acids. Nevertheless, there is always a layer of the products of acid
reaction with amorphous carbon and hydrocarbons present in the sample. These products are not
completely soluble in the solvents used for washing after oxidation. Since these impurities no
longer constitute non-volatile amorphous carbon but are chemical derivatives thereof, they may
be volatile and can be evaporated away. In addition, some impurities can be evaporated away
before acid reflux. Therefore, we have tried several techniques in which samples were subjected
to high-temperature annealing in vacuum or argon flow before and/or after acid reflux. Vacuum
annealing of laser material was performed at 1000° and 10 mTorr vacuum for 24 hrs whereas arc
material was annealed at 800°C and 20 mTorr vacuum for 24 hrs. The typical weight loss was 60
to 90 %. Fullerenes and organic compounds condensed on cold surfaces at the exit of the tube
furnace. SEM images show clean surfaces of nanoropes and clean encapsulated catalyst particles
present inside aggregates. TEM images also show clean nanorope surfaces, and a small quantity
of amorphous carbon present close to encapsulated catalyst particles. Ropes are well organized
and seem to have a smooth surface and clear structure. Annealing was performed for 73 samples
and each experiment produced good results (Figs. 23, 24).

4a. Simple Vacuum Annealing. Unpurified material was placed in the aluminaboat in the
vacuum furnace at 10 mTorr. Temperature was increased in 200°C steps to 1000°C over 20 hrs
and then stayed at 1000°C for 4 hrs. There is definitely quite alot of amorphous coating left on
nanotube surface (Figs. 23a, b, d) that is not volatile even at such high temperature. Therefore,
thistechnique is hardly suitable as a stand-alone purification method. It has to be combined with
other steps (acid oxidation, solvent extraction). After annealing, a sample was studied by TGA in
air flow up to 1000°C. At these conditions, nanotubes as well as amorphous coatings and
graphitic particles oxidize and only metal oxides are left. The remaining weight fraction was
~54% of 1:1 CoO:NiO, which corresponds to about 35% by weight of Co and Ni. Specimen
oxidation occurs at two distinct temperatures. ~430°C and ~550°C. Some publications believe
that these temperatures correspond to oxidation of amorphous carbons (first peak) and nanotubes



(second peak). It is also possible that the first peak corresponds to oxidation of amorphous
carbon and the nanotube layer to which it adheres. The peak areas are about the same, which
means that there are at least equal amounts of nanotubes and amorphous deposits.

4b. Technique 3a (toluene extraction + HNO, reflux) was followed by annealing in argon
flow up to 1100°C (Fig. 24). Annealing was performed in TGA, and the specimen mass was
monitored as the temperature was increased in 200°C steps (Fig. 24d). The sample has lost at
least 50% of its mass and looks very good on SEM and TEM images. Nanoropes are well-formed
and crystalline. Amount of amorphous coating is minimal, but there are still some nanoparticles
left in the sample. Typical yield is 80 to 90% after extraction and ~50% after reflux.

4c. Technique 3c (toluene extraction + HCI reflux) was followed by annealing in vacuum for
24 hrs. up to 1000°C at 10 mTorr as temperature was increased in 200°C steps. The sample looks
very good on SEM images (Fig. 25). After vacuum annealing, the sample was studied in TGA in
air flow up to 800°C (Fig. 25d). At this condition, nanotubes as well as the amorphous coating
and graphitic particles oxidize. All that are left are metal oxides. The mass | eft after burning al
nanotubes and carbon-containing dirt was ~33%, which corresponds to ~25% metals by weight.
One can distinguish 3 peaks on the dm/dt curve, the first at 420°C, the second at 480°C, and the
third at 550°C. Thefirst and third peak positions are quite similar to that of technique 4a, but the
peaks are broader and there is another peak in between those two. The first peak areais about
equal to the total area of the second and third peaks. Overall, this technique gave excellent
results. Typical yield is 80 to 90% after extraction and ~70% after reflux.

4d. A set of samples was annealed in vacuum for 24 hrs up to 1000°C at 10 mTorr as the
temperature was increased in 200°C steps. Afterward all these samples were refluxed in various
acids to observe how particular acids affect nanotube surfaces after annealing. The main goal
here was the study of nanotube surface behavior rather than purification per se. Acidstried
include CH,COOOH, HNQO,, H,0,, andH,S,0,.

The surface looks quite different after reflux in different acids (Fig. 26). Note that all
Images are taken at the same magnification, but the visible nanorope diameter is different, which
means that the nanorope coating adsorbs hydroxyl groups from the acid and intake is different
for different acids. Nanoropes |ook quite similar after peroxyacetic and persul phuric acids reflux.
They have smooth surfaces and less swelling. After hydrogen peroxide reflux, the nanoropes
swelled alot more, and the surface is smooth and somewhat fuzzy. After nitric acid reflux,
nanoropes do not swell much and the surface is grainy. These results clearly show that acid
reflux resultsin modification of amorphous coating on nanoropes, and this modification varies
significantly for different acids. It is also possible that nanotubes themselves are derivatized to a
different degree, but we cannot confirm it experimentally.

It isinteresting that the swelling of nanoropesis reversible. One of the samples was
studied in TGA after reflux in H,O, (Fig. 27c). Annealing was performed in TGA in argon flow
and the specimen mass was monitored as the temperature was increased in 200°C stepsto
1100°C. Approximately 66% of the sample mass was |eft, indicating that thereis only 34% by
weight of volatile compounds. The sample looks very clean after annealing, and the swelling is
gone.

Some of these samples were checked by Raman spectroscopy (Fig. 11). In particular,
samples refluxed in CH,COOOH (no. 4), H,S,0, (no. 5), and H,O, after TGA (no. 6). Those can



be compared with the unpurified sample (no. 8) and one only annealed before reflux (no. 7). The
C-C stretch peak position islocated at 1588 cm™ in unpurified and annealed samples; yet it shifts
significantly after refluxes, indicating a change in the local environment of nanoropes. This may
include charge transfer from amorphous coating reacting with acids and/or direct nanotube
derivatization. The shift islargest for CH,COOOH reflux, somewhat smaller for H,S O, reflux,
and even smaller for H,0, reflux + annealing, which may be due to partial removal of intercalants
during annealing.

4e. A set of samples after vacuum annealing (24 hrs up to 1000°C at 10 mTorr as
temperature was increased in 200°C steps) was dispersed in various organic solvents. The main
goal here was also the study of nanotube surface behavior and nanotube dispersion rather than
purification per se. Solvents tried were: carbon disulfide, dimethylformamide, water, hexane,
propanol, toluene, dimethylsulfoxide, cyclohexane, and some others (Figs. 28, 29). Nanotubes
behave very differently in different solvents. Amorphous coatings on nanorope surfaces adsorb
solvents and swell to different degrees, possibly forming solvates. Dimethilsulfoxide and
cyclohexane cause the least swelling, whereas propanol and hexane swell more, and toluene and
dimethylformamide swell the most. Carbon disulfide and water hardly produce any swelling. It
looks like carbon disulfide causes coagulation of the amorphous coating on the nanorope surface.
Water may introduce hydroxy! groups into the coating, which may adsorb or chemically react
with it. Note that all SEM images are again taken at the same magnification.

Comments on nanotube behavior

After nanotubes and amorphous carbon are dissolved in methanol, ethanol, ether, and
other solvents, they have a porous and flocculent structure that shows very well on SEM and
TEM photographs.

After oven drying for along time, the weight stabilizes. This shows that the material has
a porous structure and adsorbs water and gases from the air.

When dried material is placed into a solvent (methanol, acetone, water, etc.) for about an
hour, we observe a well-pronounced swelling. The sample volume increases 5 to 10 times and
assumes a gel-like structure. In SEM, the material has a very smooth structure that does not
scatter electrons well.

In solvents, nanotubes and their aggregates behave like colloidal solutions. Upon
precipitation or solution thickening by evaporation, the nanotubes form flocks with properties of
asol. Upon dilution and dispersion of these solutions, nanotubes form aggregates of small
particles that behave like micells taking part in Brownian motion. It appears that each aggregate
has a surface charge, since — as particles collide with each other in Brownian motion — the
particle size increases and coagules grow.

The coagulation process is affected by factors such as particular type of solvent,
temperature, and electrostatic forces when initial aggregates collide with each other in Brownian
motion or in directional motion in electrostatic field, or when solution is physically agitated.

Initial aggregates are bound directly by intermolecular forces. The interaction of solvents
(methanal, ether, acids, etc.) with amorphous carbon localized on and intimately bound to the
nanorope surface partially solvates carbon and, possibly, some nanotubes in the outer layer of the
nanorope. This leads to interactions through the layer of solvate.



Upon nanotube dispersion in any solvent, we observe that the system is unstable
thermodynamically on several time scales:

» Thefirst period, which ison the order of 1 to 5 days, is characterized by flocculation and
formation of sol.

» The second period, which is on the order of 3 to 20 days, is characterized by coagulation and
anincreasein particle size.

» Thethird period, which is on the order of 10 to 40 days, is characterized by the coal escence of
aggregates and particles. It appears that particles grow as material from other particles
dissolves and/or changes phase state and then add to other particlesin other phase states.

A good proof that nanotubes coalesce is the observation of nanotube suspension behavior
upon centrifugation of the products of acid oxidation. Nanotubes form decants which, after
neutralization and drying, form solid films rich in nanotubes. Nanotubes in the film arein form
of fairly thick nanoropes, or fibers, which can be packed in various fashions.

General comments and future work

Material produced by laser ablation contains fullerenes, and a higher fullerene
concentration usually means cleaner raw material, which has more nanotubes. The presence of
silicon in the laser material was observed by elemental analysis (EDS). The arc materia does not
contain silicon, but the quality and quantity of nanotubes in the arc material islower than in laser
ablation material. It was observed that, in laser-produced nanotubes, purity correlates with silicon
content. The smaller silicon content corresponds to lower purity. Silicon may, therefore, be a
factor that affects the quality and quantity of nanotubes formed by either of the processes. But
since no systematic studies were performed, thisis only a hypothesis.

It is speculated that amorphous carbon localized around encapsulated catalyst particles,
and which we try to get rid of in the purification process, can possibly be the building material of
nanotubes. This may yield the possibility of nanotube growth in “nutrient media’ at room
temperature and atmospheric pressure.

In further studies of the properties of nanotubes, it will be important to include new
diagnostic techniques including: IR and UV -visible spectra, mass spectrometry, and NMR
spectra. A comprehensive study should show additional properties of nanotube materials. These
tests will be useful for functiona synthesis and will also help to find better ways to purify raw
material. In future, these methods could be electrostatic purification in gas flow or electrolysisin
liquid.

Conclusions about purification techniques

Of about 50 samples of laser material and 67 samples of arc material — all of which were
produced by laser or arc techniques at equal or amost equal conditions, respectively —the
variations in properties of the materials were quite large.

The results of purification show the following trends. Incorporation of dry steps
(annealing) into purification methods generally produces better results. Hydrocarbons and
fullerenes evaporate in the processes of high-temperature annealing, after which the outer layer
of the nanoropes is much cleaner and does not contain much amorphous material. Encapsul ated
catalyst particles are not covered by amorphous carbon, while a significant amount of amorphous
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carbon is found on the surface of nanoropes close to encapsulated particles, where the nanoropes
interlace the most. Thisfirst step can be replaced with toluene extraction, which aso removes
soluble fullerenes and hydrocarbons. Nevertheless, annealing looks more promising as afirst
step, since it can aso disrupt graphitic shells on metal particles and facilitate subsequent metal
removal.

Subsequent oxidation by hydrochloric acid or hydrogen peroxide helps to remove some
of the remaining amorphous coating and makes the rest more susceptible to vaporization, so that
it can be removed in the second vacuum annealing. The most promising techniques, therefore,
are4c and 4d (H,O, or HCI oxidation). 4c (HCI oxidation) generally produces higher yields.

Annealing as alast purification step also improves the crystallinity of nanoropes and
helps to get rid of intercalants introduced into inter-tubular spaces by acid reflux. Nitric acid
reflux on any step givesinferior results to H,0, or HCI. All acid oxidation methods probably
cause either dissolution of the nanotube walls or addition of different radicals and/or compounds
to the surface of nanotubes. This resultsin radicals on nanorope surfaces, which are difficult to
remove by vacuum annealing at temperatures up to 1000 C. Nitric acid is probably the worst in
this sense, giving nanorope coatings that are more difficult to remove.
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Table 1. Complete data on purification of |aser-made nanotube material.

Sample # |Extraction Washing Sublimation |Reflux Neutralization Washing Dry Annealing |Testing Weigh
5 2/HNO3 H20 air annealing SEM
5 decante film after 1st step H2S208 H20/MeOH MeOh air SEM, EDS
5decant film after 1st step vac.1000C |SEM,EDS 0.0011/0.0005
5| vac.1000C  |SEM.EDS 0.0154/0.0042
10(9517) 2/HNO3 NaOH MeOH/Toluene |air SEM,Raman 0.09517/0.04180
10(8305) |Toluene MeOH HNO3 H20/MeOH ai/oven SEM,Raman 0.08305/0.0588
10(8535) |Toluene MeOH/dry 14hours/ HNO3 H20/MeOH Toluene/MeOH |air/oven SEM,Raman 0.08535/0.02934
10(7761) |Acetone/Tolue |MeOH/dry HNO3® NaOH/H20 MeOH air/oven SEM,Raman 0.07761/0.05480
10(5536) Acetone 26hours
10 2/HNO3 NaOH MeOH/Toluene |air SEM 0.5964/0.3079
18| 4/HNO3 H20/MeOH air SEM, TEM,Raman,X-ray |0.6296/
18[Toluene MeOH/Acetone 2/HNO3 H20/MeOH air HPLC,SEM .0507/.04113/.023
18|Benzene MeOH/Acetone 2/HNO3 H20/MeOH air HPLC,SEM .051/.0471/.03028
18 Acetone 9hours/1180F |1/HNO3 H20/MeOH air/dry SEM, TEM .1267/.0881/.0613
18{Toluene MeOH 2/HNO3 NaOH/Triton100X [H20 air 0.1914
18[Toluene 1000C,Vac annealing
18| MeOH 1000C,Vac annealing 0.0115/0.0116
18 1000C,Vac annealing 0.0127/0.0041
18|Toluene MeOH 1000C,Vac annealing 0.0159/0.0144
18|crfl H2S208 MeOH/H20 MeOH air SEM
18|crfl, H2S208 vac.1000C  |SEM, EDS 0.037/0.02085
19 2/HNO3 NaOH MeOH/Toluene |air/oven SEM, TEM,Raman 1.0179/0.1760bp
19 waste |after 1st step H202+H2S208 [MeOH on SEM,EDS /0.00735
separ.fannel
29 annealing/air |SEM 0.04964/0.0087
29(Toluene MeOH HCI NaOH/H20 MeOH SEM 0.4238/
29|ext,HCI reflax vac.1000C [SEM,EDS 0.2504/0.035
29|Toluene MeOH dry SEM, EDS /0.150/ 0.1244
29|ext,dry vac.1000C [SEM,EDS 0.0372/0.0088
15(Toluene MeOH 2/HNO3 H20/MeOH air SEM,EDS 0.0514/
15[Toluene MeOH/NaOH HNO3 hot H20 MeOH SEM,EDS 0.8283/ 0.4135
11{Toluene MeOH HNO3 hot H20 ? 0.5973/
11 water \vac.1000C /0.0099
decante
11|after purification vac.1000C |SEM,EDS 3.174wet/0.40334
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Table 1. Complete data on purification of |aser-made nanotube material. (Continued)

Sample # |[Extraction Washing Sublimation [Reflux Neutralization Washing Dry Annealing |Testing Weigh
2|Toluene MeOH annealing/air |[SEM,EDS 0.2566/0.0403
2|after 1st step H2S208 MeOH/H20 MeOH SEM,EDS
2 400C, air annealing/air |[SEM,EDS 0.2536/ 0.031
7|Toluene MeOH HF/HNO3 hot H20 MeOH SEM,EDS 0.6097/

7 vac. 1000C |SEM,EDS 0.0946/0.0487
8| Toluene MeOH HNO3 hot H20 MeOH SEM, EDS 0.5246/

16(Toluene MeOH HNO3 hot H20O/NaOH MeOH redisNaOH SEM, EDS 1.0088/

16|Toluene MeOH H2S208 MeOH/H20 MeOH oven/air SEM, EDS, Raman 0.0507/0.0277
16(Toluene MeOH H202 vac.filtr/ MeOH MeOH oven/air SEM,EDS, Raman 0.0524/0.0198
16|Toluene MeOH CF3COOH Na2CO3 H20 oven/air SEM, EDS, Raman 0.0639/0.0646
16|after purification by CF3COOH H202+H2S04 [MeOH participation on sep. fannel SEM, EDS, Raman 0.0640/0.4110

1l6waste |after HNO3 CH3CO3H MeOH SEM, EDS, Raman /0.1208

16|Toluene Ethyl Ether SEM,EDS, Raman 0.0466/0.04080
16|after H2S208 vac. 1000C |SEM, EDS, Raman 0.0277/0.01707
16|after H202 vac. 1000C [SEM,EDS, Raman 0.0198/0.01390
16|after HF3COOH |& H202+H2S04 vac. 1000C |SEM,EDS, Raman 0.0411/0.02806

16? vac. 1000C |SEM,EDS, Raman 0.03802/0.034

17(Toluene MeOH HNO3 hot H2O/NaOH MeOH redisNaOH SEM, EDS 0.8622/

17|after 1st step H2S208 MeOH/ H20 MeOH SEM, EDS, Raman

17|after 2nd step vac. 1000C |SEM, EDS, 0.11681/0.07844

17|after HNO3 vac. 1000C |SEM,EDS 0.18363/0.10835

17|after HNO3 magnite vac. 1000C |SEM,EDS 0.20232/0.11918

22(Toluene MeOH HCI hot H20O/NaOH MeOH SEM, EDS ??? 0.631/

22|after HCI vac. 1000C |SEM,EDS,Raman 0.4228/0.1639
purification

22|Toluene MeOH dry SEM, EDS /0.1836/.1717

22|ext.,dry vac.1000C |SEM,EDS,Raman,MS |0.0703/0.0234

22 vac.1000C |SEM,EDS,Raman,MS |0.00139/0.00051

22 vac.1000C [SEM,EDS,Raman 0.1140/0.0864

22|after vac H2S208 MeOH air SEM,EDS,Raman 0.0028/0.00144
annealing

22|after vac CH3CO3H MeOH air SEM,EDS,Raman 0.0024/0.001214
annealing

22|after vac H202 air SEM,EDS,Raman 0.0082/0.00311
annealing

22|after vac HNO3 MeOH air SEM,EDS,Raman
annealing

22|after vac Hexane SEM,EDS, TEM,Raman

annealing
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Table 1. Complete data on purification of |aser-made nanotube material. (Continued)

Sample # Extraction Washing Sublimation |Reflux Neutralization |Washing Dry Annealing |Testing Weigh
22|after vac annealing MeOH SEM,EDS, TEM,Raman
22|after vac annealing ProH SEM,EDS, TEM,Raman
22|after vac annealing Toluene SEM,EDS, TEM,Raman
22|after vac annealing DMF SEM,EDS, TEM,Raman
22|after vac annealing H20 SEM.EDS, TEM,Raman
22|after vac annealing NaOH SEM,EDS, TEM,Raman
22|after HCI,Annealing Chloroform SEM,EDS,Raman
22|after HCl,Annealing O-xylene SEM,EDS,Raman
22|after HCI,Annealing Acethyl SEM,EDS,Raman
Acetone
22|after HCI,Annealing Pyridine SEM,EDS,Raman
22|after HCl,Annealing Phenol SEM,EDS,Raman
Phthalene
22|after HCl,Annealing Dimethyl SEM,EDS,Raman
Sulfoxide
22|after HCl,Annealing Cyclohexane SEM,EDS,Raman
22|after HCI,Annealing DFM SEM,EDS,Raman
22|after HCl,Annealing MEK SEM,EDS,Raman
22|after HCI,Annealing Decaline SEM,EDS,Raman
22|after HCl,Annealing CS2 SEM,EDS,Raman
49 vac.1000C |SEM,EDS 0.0199/0.0504
49(1"tube) vac.1000C |SEM,EDS 0.0129/0.00506
49(film) vac.1000C |SEM,EDS /0.00211
1R (1st) vac.1000C |SEM,EDS
1R(2nd) vac.1000C |SEM,EDS
1R(3rd) vac.1000C |SEM,EDS
2R(1st) vac.1000C |SEM,EDS
2R(2nd) vac.1000C |SEM,EDS
2R(3rd) vac.1000C |SEM,EDS
20|Toluene MeOH HNO3 hot H20 MeOH 0.8203/
20|Toluene MeOH HF/HNO3 hot H20 MeOH air/dry SEM 0.0196/
20 plasma ache SEM,EDS, IR 0.02265/
20|after HNO3 plasma ache SEM,EDS, IR 0.05488/
29/2 vac.1000C |SEM,EDS 0.72371/0.653
29/2 after annealing H202 air SEM,EDS 0.2413/0.2299
29/2 after annealing CH3COOH air SEM,EDS 0.3697/0.3980
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Table 1. Complete data on purification of laser-made nanotube material. (Concluded)

Sample # |Extraction Washing Sublimation [Reflux Neutralization Washing Dry Annealing |Testing Weigth

44 vac.1000C |SEM,EDS 0.40514/03516
44 |after annealing HCI MeOH air SEM,EDS 0.0108/0.0114
44 |after annealing CH3COOH MeOH air SEM,EDS 0.0109/0.0115
44 |after annealing H202 MeOH air SEM,EDS 0.0109/0.0042
44 |after annealing CH3CO3H MeOH air SEM,EDS 0.0125/0.0135
44 |after annealing CF3COOH MeOH air SEM,EDS 0.0122/0.0148
44 |after annealing HNO3 MeOH air SEM,EDS 0.0175/0.0126
44 |after annealing H2S208 MeOH air SEM,EDS 0.0179/0.0055
44 |after annealing HF+HNO3 MeOH/H20 air SEM,EDS 0.0174/0.0195
44 |after annealing
44 |after annealing
44 |after annealing
44 |after annealing
44 |after annealing
44 |after annealing
44|after annealing |Toluene SEM.EDS ~3mg
44|after annealing |ODB SEM.EDS ~3mg
44|after annealing |Chloroform SEM.EDS ~3mg
44 |after annealing |Pyridine SEM.EDS ~3mg
44|after annealing |DMF SEM.EDS ~3mg
44|after annealing |MEK SEM.EDS ~3mg
44 |after annealing |Cyclohexane SEM.EDS ~3mg
44 |after annealing |Hexane SEM.EDS ~3mg
44 |after annealing [O-xylene SEM.EDS
44 |after annealing |Decaline SEM.EDS
44 |after annealing |Acethyl SEM.EDS

Acetone
44|after annealing |Dimethylaniline SEM.EDS
44 |after annealing [Dimethyl SEM.EDS

Sulfoxide
44 |after annealing |[THF SEM.EDS
44 |after annealing [CS2 SEM.EDS
44 |after annealing [Benzene SEM.EDS
44 |after annealing |CCl4 SEM.EDS
44 |after annealing |CH2CI2 SEM.EDS
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Table 2. Complete data on purification of arc-made nanotube material.

## |Sample # |Extraction |Washing Sublimation |Reflux Neutralization Washing Dry Annealing Testing
1|5coll 2/HNO3 H20 air annealing
2|5dep
3|17coll 2/HNO3 NaOH MeOH/Toluene |air
4(17dep HNO3 cross-flowNaOH |H20/MeOH air
5(19coll vacuum 1000C |SEM, EDS
6(19dep vacuum 1000C |SEM, EDS
7|24coll NaOH/hot H20 HF/HNO3 [H20 H20/MeOH air/oven EDS,SEM
8|24coll vacuum 1000C |EDS,SEM
9(25coll NaOH/hot H20 HF/HNO3 |H20 H20/MeOH air/oven EDS,SEM
10|25coll vacuum 1000C |SEM, EDS
11|37coll 2/HNO3 NaOH H20O/Acetone |air EDS,SEM
12|37dep 2/HNO3 NaOH H20O/Acetone |air
13|38coll vacuum 1000C |SEM, EDS
14(38coll Toluene  |MeOH HF/HNO3 |H20 H20/MeOH air/oven EDS,SEM
15|38dep 2/HNO3 NaOH
16|50coll
17|50dep
19(51coll
20|51dep
21|52coll Toluene MeOH/NaOH HNO3 H20 H20/MeOH air HPLC,EDS,SEM
22|52dep Toluene  |MeOH/NaOH HNO3 H20 H20/MeOH air HPLC,EDS,SEM
23|52coll Benzene |MeOH/NaOH HNO3 H20 H20/MeOH air HPLC,EDS,SEM
24|52dep Benzene [MeOH/NaOH HNO3 H20 H20/MeOH air HPLC,EDS,SEM
25|53coll Toluene  |MeOH/NaOH HNO3 H20 H20/MeOH air HPLC,EDS,SEM
26|53dep Toluene MeOH 2/HNO3 H20 H20/MeOH air HPLC,EDS,SEM
28|53caoll Benzene [MeOH/NaOH HNO3 H20 H20/MeOH air HPLC,EDS,SEM
29|53dep Benzene |MeOH 2/HNO3
30|52coll Acetone vacuum/temp. EDS,SEM
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Table 2. Complete data on purification of arc-made nanotube material. (Concluded)

## |Sample # |Extraction Washing Sublimation [Reflux Neutralization Washing Dry Annealing Testing
42|26coll vacuum 1000C |SEM, EDS
43(26dep
44(39coll vacuum 1000C |SEM, EDS
45(39dep
46|48coll vacuum 1000C |SEM,EDS
48(48dep
49(72coll Toluene MeOH 2HNO3 H20/ NaOH hot H20 air/oven SEM, EDS, TGA, Raman
50|72dep
51(73coll Toluene MeOH 2HNO3 H20/ NaOH hot H20 air/oven SEM, EDS, Raman
52|73dep
53|72coll Acetone air 600 SEM,EDS
54(72coll after line 51 air 600 SEM,EDS
55|72coll H202 vacuumZ1000 SEM,EDS
56(72coll H2S208 vacuumZ1000 SEM,EDS
57|72coll CF3COOH vacuum1000 SEM,EDS
58| 72coll Ethyl Ether vacuum1000 SEM,EDS
59|73coll Acetone air 600C SEM,EDS
60(73coll after line 54 air 600C SEM,EDS
61|73coll Ethyl Ether vacuum 1000C |SEM,EDS
62|37coll(dec vacuum 1000C |SEM,EDS, TEM,Raman, IR

)

63|37dep vacuum1000C |SEM,EDS
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Table 3. Properties of organic and inorganic acids.

##t Name (abbrev.) Formula Mol.Wt. B.p.oC M.p.oC density, diel.const refraction b.moment viscosity
1|Nitric acid HNO3 63.01 82.6 -41.6 1.504 1.397 2.17 8.9
2[Hydrochloric acid HCI
3|Hydrofluiric acid HF 20.01 19.51 -89.4(1.123(-50) 1.1574 84 1.82 24
4(Sulific acid H2S04 98.08 305 10.371 1.827 101 245
5[Pyroxodisulific acid H2S208 184 1.9
6[Hydrogen Peroxide H202 34 150 -0.41 1.442 84.2 2.2
7|Trifluoroacetic acid CF3COOH 114.02 72.4 -15 1.54 39 2.28 5.78
8|Pyroxiacetic acid CH3COOOH
9|Acetic acid CH3COOH 60.1 118 17 1.049 6.15

10|Propionic acid CH3CH2CO2H 74.1 141 -21 0.993
11|Formic acid HCO2H 46 101 8.3 1.22
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Table 4. Properties of organic solvents.

## Name (abbrev.) Formula Mol .Wt. B.p.C M.p.C density, diel.const refraction |b.moment viscosity
1 Acetone CH3COCH3 58.08 56.2 -95.4 0.79 1.3588 20.7 2.88 3.16
2 Methanol CH30H 32 65 -98 0.791 1.3288 32.7 1.7 5.45
3 Propanol C3H70H 60.11 824 -89.5 0.786 1.3776 18.3 1.66 17.7
4 Butanol C4H90OH 74.12 99 -115 0.806 1.3978 15.8 1.7 42.1
5 Ethyl Ether (C2H5)20 74.12 345 -116 0.714 1.3526 4.34 1.15 2.22
6 Hexane C6H14 86.18 69 -95 0.66 1.3751 1.89 0.08 2.92
7 Methyl Ethyl Keton CH3COC2H5 72.12 79.6 -86 0.805 1.3788 18.5 25 36.5
8 Carbon Disulfid CS2 76.1 46 -112 1.27 1.6319 2.64 0 3.76
9 NN-Dimethyl Formamid (DMF) [HCON(CH3)2 73.1 152 -61 0.945 1.4303 36.7 3.86 7.96
10 Decalin C10H18 138.25 196 -43 0.9 1.481 2.2 0 33.8
11 O-Xylene C8H10 106.17 144.4 -25.2 0,88 1.5055 2.57 0.62 7.56
12 1,2-Dichlorobenzene C6H4CI2 147.01 180.5 -17 1.305 1.5515 9.93 2.5

13 Benzene C6H6 78.12 80.1 5.5 0.879 1.5011 2.28 0 6.03
14 Toluene CH3-C6H5 92.15 110.6 -95 0.867 1.4961 2.38 0.36 5.52
15 Chloroform CHCI3 119.38 61.7 -63.5 1.48 1.4459 4.7 1.87 5.42
16 Ethyl acetate CH3CO2C2H5 88.12 77.1 -83.6 0.9 1.3723 6.02 1.78 4.41
17 Water H20 18 100 0 0.998 1.33299 78.5 1.84 10.1
18 Acetyl Acetone CH3COCH2COH3

19 Pyridine C5H5N 79.1 115.6 -41.8 0.982 1.5095 12.3 2.19 9.45
20 Dimethyl Sulfoxide (CH3)2S0O 78.1 189 -32 1.328 1.3874 42.6

21 Cyclohexane C6H12 84.16 80.7 6.55 0.778 1.4266 2.02 0 8.98
22 Phenolphthalein (alcoh.0.5%)

23 Acetonitril CH3CN 41.05 81 -44 0.786 1.3441 36.2 3.92 3.45
24 Phenolphthalein

25 Phenol C6H50H 94.11 181.8 43 1.072 1.5418 9.78 1.45 34.9
26 Dimethyl Sulfate (CH30)2502 126.13 188 -32 1.333 1.3874 42.6
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Table 4. Properties of organic solvents. (Concluded)

## Name (abbrev.) Formula Mol.Wt. B.p.C M.p.C density, diel.const refraction b.moment viscosity
27 Decane C10H22 142.29 174 -30 0.73 1.4102 1.99 0 8.54
28 Cyclodecane C10H20 140 201 0.871

29 Cycloheptane C7H14 98.12 118.5 -12 0.811 1.4436

30 Cycloheptene C7H12 96.17 112 0.824

31 2.2-Pyridil

32 Pyridazine C4H4N2 80.09 208 1.103

33 Piperazine C4H4(NH)2 86.14 145

34 Piperidine C5H11N 85.15 106 -10.5 0.861 1.453 5.8 1.2

35 Perfluorohexane CF3(CF2)4CF3 338 59 -4 1.669

36 Trifluorotoluene CF3-C6H5 146.1 103 -29 1.189

37 Pentane CH3(CH2)3CH3 72.2 36 -130 0.626 1.3575 1.84 0 2.15
38 Carbon tetrachloride CCl4 153.8 7 -23 1.584 1.4601 2.23 0 9.69
39 Tetrahydrofuran (THF) C4H80 72.1 66 -109 0.889 1.405 7.32 1.63

40 Ethylene glycol HOCH2CHOH 62.1 197 -13 1.114

41 Glycerol 46 290 18 1.261 1.4735 425 2.56 9450
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A. Arc produced materia (as-made) (collarette #60). B. Laser produced material (as-made) (run#16).
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Figure 2. Elemental maps of encapsulated catalyst particle. A. Secondary electron
SEM image. B. Aluminum. C. Silicon. D. Cobalt. E. Nickel.
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Fi gUre 3. EDS characterization of laser-made sample (#10). Thisis spectra averaged over approximately 20x30 pm
areaon the SEM specimen. A. Before purification. B. After purification.
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Figure 4. Impurities in laser-made samples. A. Laser sample (#16) washed by ether (SEM). B. Laser sample (#22) after
annealing, ash-like residue (SEM). C. Laser sample (#16), decant after centrifugation in water-acid suspension (TEM). D. Laser
sample (#18) before purification.
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Figure 5a. X-ray diffraction characterisation of laser sample #18 after consequent refluxes
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Figure 6. TGA data on unpurified samples. Samples were sublimed in argon flow at
5°C/min up to 800°C.

A. Laser sample #10. Mass left is approximately 18%. Temperature isincreased in 200 °C
steps.

B. Laser sample #18. Mass |eft is approximately 10%. Temperature isincreased linearly.
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Figure 9. NMR spectra of solvent extracts of as-made nanotube samples.
A. Laser sample #18 extracted by toluene for 8 hrs.
B. Laser sample #18 extracted by benzene for 8 hrs.
C. Arc sample #72 (collarette) extracted by toluene for 8 hrs.
D. Arc sample #72 (collarette) extracted by benzene for 8 hrs.
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Figure 12. Laser sample #18 before (A,B) and after (C,D) purification by "Old Rice method" using cross-flow filtration.
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Figure 13. Laser sample #19 before (A,B) and after (C,D) purification by "New Rice method".
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Figure 14. Laser sample #18 after solvent extraction.
A. After 3 hrs of benzene extraction. B. After 48 hrs of benzene extraction. C. After 3 hrs of toluene extraction. D. After 48 hrs
of toluene extraction.



Figure 15. Sample #18 after consequent refluxesin HNO,. A. 1* reflux. B. 2™ reflux. C. 3° reflux. D. 4" reflux.
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Figure 16. Laser sample #18 after subsequent refluxesin HNO,. A,B. After first reflux. C,D. After fourth reflux.
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Figure 17. Laser sample #20 purified by toluene extraction followed by reflux in HF with addition of HNO,,
washed by methanol and dryed in the oven at 100°C.
A. Unpurified. B. Purified.



Figure 18. Laser samples #22 and 29 before and after toluene extraction and reflux in HCI.
A. #22 unpurified. B. #22 after purification. C. #29 unpurified. D. #29 after purification.
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Figure 19. Laser samples #16 and 19 before and after purification by toluene extraction followed by H,S,O,.
A. #16 unpurified. B. #16 purified. C. #19 unpurified. D. #19 purified.



Figure 20. Laser samples #16, 22 and arc sample #72 purified by toluene extraction followed by reflux in H,O,
A. Arc sample #72 (collarette). B. Laser sample #16. C. Laser sample #22.
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Figure 21. Arc sample #72 (A) and laser sample #16 (B) and purified by toluene extraction followed by oxidation by
trifluoroacetic acid (CF,COOH)
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Figure 22. Laser samples #16 and #22 purified by peroxyacetic acid (CH,COOOH).
A. Toluene extraction followed by reflux in peroxyacetic acid. B. Vacuum annealing followed by reflux in
peroxyacetic acid.
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Figure 23. Laser sample #22 purified by vacuum annealing at 1000°C. A. TEM after annealing. B,D. SEM after annealing. C.
TGA datain air flow after annealing. There's approx. 54 % of mass |eft after burning at 800°C.
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Figure 24. Laser sample #10, purified by toluene extraction followed by reflux in HNO, and annealing in argon flow at 1100°C.
A,B - TEM images. C - SEM image. d - TGA data during annealing.
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Figure 25. Sample 22 purified by solvent extraction, HCI reflux and vacuum annealing. A,B,C. SEM images at various
magnifications. D. TGA data in air up to 800°C.

Ssapls EEmrcl TEA=DTA Fris: O:-WIALEITOsTes lesd 583
Suas A ng r = dpsrstar: AEELE
matrae LechSb Fien Osbe. T-Jdon-33 64 a8
[}
i E- a2 o2 ]
o T b [ 52 Urdvermal 1108 T4 Iegirpseedy



15

=
oW Sool Hean wed T |—| 1 nm Ao Spol Hesgn e T ;' 200 nm

OOnNme i P27 lamer asplanniCH IO 00N el 20 EY A1 D 5 E P22 Lasor aspdAnndH RO

Sonl Haan el W ——mm———

200 nm Acc W ool Hagn  Del WD ——— 200 nm

Figure 26. Laser sample #22 treated with various oxidants after vacuum annealing.
A. peroxyacetic acid (CH,CO,H). B. Nitric acid. C. Hydrogen peroxide. D. Persulphuric acid (H,S,0,).
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Figure 27. Sample purified by vacuum annealing + H,O, reflux before and after annealing in argon up to 1100°C.
A. before TGA. B. After TGA. C. TGA data in argon.
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Figure 28. Laser sample #22 after vacuum annealing and subsequent dispersion in various organic solvents:
A. Carbon disulfide. B. Dimethylformamide. C. Water. D. Hexane.



Figure 29. Laser sample #22 after vacuum annealing and subsequent dispersion in various organic solvents:
A. Propanol. B. Toluene. C. Dimetilsulfoxide. D.Cyclohexane
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